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Hexagonal HoMnO3, a two-dimensional Heisenberg antiferromagnet, has been studied via inelastic
neutron scattering. A simple Heisenberg model with a single-ion anisotropy describes most features
of the spin-wave dispersion curves. However, there is shown to be a renormalization of the magnon
energies located at around 11 meV. Since both the magnon-magnon interaction and magnon-phonon
coupling can affect the renormalization in a noncollinear magnet, we have accounted for both of these
couplings by using a Heisenberg XXZ model with 1/S expansions [1] and the Einstein site phonon
model [13], respectively. This quantitative analysis leads to the conclusion that the renormalization
effect primarily originates from the magnon-phonon coupling, while the spontaneous magnon decay
due to the magnon-magnon interaction is suppressed by strong two-ion anisotropy.
Introductions. One of the fundamental questions in
modern condensed matter physics is to understand how
strong correlations among different degrees of freedom
affect the otherwise noninteracting energy bands of each
individual object. The experimental observation of such
effects is key to verifying the predictions of the relevant
theoretical frameworks describing the systems in ques-
tion. Quintessential examples of such effects include the
renormalizations and energy shifts in the magnon and
phonon spectra, which arise from magnon-magnon and
magnon-phonon couplings.
As predicted in theories [1–4] and subsequently ob-
served in experiments [5, 6], the spontaneous magnon
decay originating from the magnon-magnon interaction
has been studied in two-dimensional triangular Heisen-
berg antiferromagnets (2D THA). Anharmonic terms
in the spin Hamiltonian can survive due to the non-
collinear magnetic structure of the 120◦ spin ordered
state [7]. This leads to some anomalous features such as
the strong renormalization of magnon energies and an
intrinsic linewidth broadening of magnon spectra due to
the finite lifetime of the magnons.
Hexagonal rare-earth manganites RMnO3, one of the
famous multiferroic materials, are practical candidates
for having such couplings. In fact, this material can have
both magnon-magnon and magnon-phonon couplings be-
cause the spin and lattice degrees of freedom are strongly
coupled to each other [8, 9]. Previous inelastic neutron
scattering (INS) studies reported that the magnetic exci-
tations of RMnO3 with nonmagnetic R ions (Y/Lu) ex-
hibit several of the aforementioned features [5, 10]. These
features from the anharmonicity are enhanced by strong
magnon-phonon coupling [7]. However, the experimen-
tal results obtained so far from (Y/Lu)MnO3 cannot be
precisely compared with calculations [1, 4]. The lowered
lattice symmetry due to Mn trimerization [11] requires
a minimum of four exchange interactions for an analysis
of the measured spin waves. Given the complexity of the
model Hamiltonian, it is practically impossible to carry
out nonlinear calculations for (Y,Lu)MnO3 for a quanti-
tative comparison with the experimental data.
Hexagonal HoMnO3 as a near perfect 2D THA is an
ideal candidate for this purpose, because the Mn posi-
tion x as shown in Fig. 1(b) is close to 1/3 of the lattice
parameter [12]. In addition, INS data revealed that the
two different exchange couplings distinguished by the Mn
position are very similar, within 0.0018 meV, which in-
dicates that the Mn position is close to 1/3. Hence, the
2D frustrated 120◦ ordered magnetic structure of ideal
2D THA can be manifested with the greatest fidelity in
HoMnO3.
In this Rapid Communication, we have studied the
spin dynamics of a hexagonal HoMnO3 single crystal
using time-of-flight INS, which allows for the modeling
and quantification of both magnon-magnon and magnon-
phonon interactions. We compare the data with three
different model calculations: first, a simple Heisenberg
model within linear spin-wave theory, and then two
models that account for higher-order effects from both
magnon-magnon [1–4] and magnon-phonon coupling [13].
Using these three models, we are able to accurately model
the whole INS spectra of HoMnO3.
Experimentaldetails. A HoMnO3 single crystal was
synthesized by using an optical floating zone furnace
(Crystal Systems, Japan) with a size of 5× 5 × 22 mm3
and a total mass of about 3 g. The INS experiments with
this single crystal were carried out using the 4SEASONS
time-of-flight spectrometer at J-PARC [14]. The sample
was aligned in the (HHL) plane and the incident neutron
beam was set as ~ki ‖ (00L). The frequency of the Fermi
chopper was fixed at 250 Hz, which with the multirep
mode [15] allows for simultaneous data collection with
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2incident energies of Ei = 60, 30, 18, 12 and 8.5 meV.
All spectra were taken at 4 K and the full width at half
maxima (FWHM) of the elastic peak obtained by fitting
the Lorentzian function were 0.21, 0.31, 0.59, 1.1, and 2.5
meV for Ei = 8.5, 12, 18, 30, and 60 meV, respectively.
As outlined in the Introduction, three different model
calculations have been employed to describe the shape
and intensity of the spin dispersion curves. First, the
simple Heisenberg model including a nearest-neighbor ex-
change interaction J and a single-ion anisotropy D was
used within linear spin-wave theory (LSWT) with the
following equations,
HHeisenberg = J
∑
<ij>
~Si · ~Sj +D
∑
i
(Szi )
2 (1)
The SPINW software library was used to calculate the
dynamical structure factor with this model [16].
Second, in order to include the effect from magnon-
magnon interactions, the Heisenberg XXZ model with
1/S expansions [1] is considered with the exchange inter-
action J and two-ion anisotropy ∆ = Jz/J ,
HXXZ = J
∑
<ij>
[
Sxi S
x
j + S
y
i S
y
j + ∆S
z
i S
z
j
]
(2)
This Hamiltonian can also be written by introducing
single-ion anisotropy, but here we are considering only
the two-ion anisotropy because of the simplicity it offers
when considering anharmonic terms in the spin Hamilto-
nian.
Finally, the third one is the Einstein site phonon (ESP)
model [13, 17] based on the exchange-striction scheme
in order to apply the magnon-phonon coupling in the
Hamiltonian,
HESP = J
∑
<ij>
~Si · ~Sj − cS2
∑
i
~Fi
2
+D∑
i
(Szi )
2
(3)
~Fi is the dimensionless force expressed as
~Fi =
∑
j∈n.n. of i
eˆOijj(
~Si · ~Sj)/S2
FIG. 1. (a) Crystal structure and (b) magnetic structure of
HoMnO3. Mn ions with an open arrow are at the z = 0 plane
and those with a solid arrow are at the z = 1/2 plane. x
denotes the distance of the Mn atom from the origin.
FIG. 2. Comparison of the experimental INS spectra of
HoMnO3 with calculations using the Heisenberg model
(dashed line), the XXZ model with 1/S expansions (dashed-
dotted line) and the ESP model (solid line), which are de-
scribed in further detail in the text. The INS data were mea-
sured at 4 K and an incident neutron energy of 30 meV. Black
circles are fitting positions from constant Q cuts. The inset
shows the layout of the momentum position labels.
and eˆOijj is an unit vector from the Mn site j to the O site
Oij [see Fig. 1(b)]. The dimensionless spin-phonon cou-
pling constant denoted as c is described as α2JS2/2K.
Here, K is an elastic constant with a unit of energy and α
is an exchange-striction coefficient defined as α = dJ
∂J
∂r ,
where d is a bond length between Mn and O.
Resultsanddiscussion. The INS data for HoMnO3
with Ei = 30 meV are summarized in Fig. 2. Clear
single magnon modes are present in the plot as well
as three dispersionless crystal field excitations. The en-
ergy transfers of the crystal field excitations from mul-
tiple peak fittings are found at 1.7, 3.2, and 6.7 meV,
which are consistent with the values reported in Ref.
[18]. As we expected in an ideal 2D THA, most features
of magnons are well captured by the Heisenberg model.
Equation (1) with J = 2.44 meV and D = 0.38 meV
is the same as in a previously reported INS study using
a triple-axis spectrometer [19], without considering fur-
ther nearest-neighbor intraplane and interplane exchange
3FIG. 3. (a) INS data along the AB direction. Red circles indi-
cate the fitted peak center. Three model calculations are also
plotted (see the legend). (b) The intensity profile at the B
point. All calculations are convoluted with an energy resolu-
tion of 0.6 meV with a Lorentzian function. The gray shaded
area indicates the two fitted magnon peaks with the back-
ground of the data subtracted.
interactions. However, there are also some discrepancies
that cannot be explained. First, the low-energy magnon
dispersion curve located at 11 meV is clearly shifted
downward by about 0.8 meV in comparison with the
Heisenberg model calculations. In addition, a negative
slope in a nominally flat mode was observed along the
AB direction, as shown in Fig. 3(a). This feature could
not be reproduced by any other type of long-range in-
teraction according to Refs. [5, 7]. We checked that the
effect of the exchange anisotropy also could not explain
the negative slope within LSWT. The renormalization
of magnon energy can be a consequence of both the
magnon-magnon interaction and magnon-phonon cou-
pling in a noncollinear magnetic system such as HoMnO3.
Therefore, both of these interactions need to be consid-
ered in the spin Hamiltonian in order to fully account for
each of the anomalous features outlined above.
In order to explain the two aforementioned features, we
first used Eq. (2) with 1/S expansions to model the three-
magnon interactions. This model clearly reproduces the
measured spectrum as well as the renormalization of
magnon energy and the downward curve along the AB di-
rection. The best fit parameters for the model are J = 2.7
meV and ∆ = 0.88. In this model, an anharmonic term in
the spin Hamiltonian leads to the coupling between the
Sz spin component on one sublattice and the Sx,y spin
FIG. 4. Integrated intensity of the data and calculated dy-
namical structure factor using three models along the same
momentum points as in Fig. 2. Solid circles represent the fit-
ted intensity from INS data. Solid, dashed, and dotted lines
represent the calculated dynamical structure factor by the
ESP model, the Heisenberg model, and XXZ model with 1/S
expansions, respectively.
components on the other sublattices [1, 5]. The INS data
and the calculations together indicate that the spin waves
in HoMnO3 also have renormalization expected from the
magnon-magnon interactions.
In addition, we also succeeded in reproducing the
renormalized magnon dispersion curves by using Eq. (3).
This assumes a coupling between a single magnon and
one dispersionless optical phonon branch. As shown in
Fig. 2, this model also yields a good match with both
experimental data and calculated curves from the above
XXZ model. The parameters used for the ESP model are
J = 2.53 meV and D = 0.38 meV. The obtained dimen-
sionless spin-phonon coupling constant c is 1/12. This
value seems to be reasonable, as shown by the fact that
the 120◦ spin ordered ground state can be stabilized up
to c = 1/8 in 2D THA [13].
Although both the XXZ model with 1/S expansion
and the ESP model explain the same magnon disper-
sion curves, a more significant difference appears in the
relative intensities of the dynamical structure factor. As
plotted in Fig. 3(b), the ESP model shows the most sim-
ilar behavior to the observed intensity at the B point as
compared with the other two models. More importantly,
the relative intensity ratio between the magnon peaks lo-
cated at 11 and 16 meV is reproduced only by the ESP
model. Note that, in order to obtain the best statistics,
the data are summed from L = -3 to 3 (taking advantage
of the L independence of the data) whereas all calcula-
tions are done with L = 0.
As expected from the critical difference on the dynam-
ical structure factor at the B point, the overall intensity
dispersion curves are fit remarkably well with the ESP
4model, as shown in Fig. 4. We note that all the calcu-
lated dynamical structure factors are scaled by a common
factor of 0.6. The integrated intensity of the INS data is
obtained from the summation of two or three fitted peaks
at each Q position. For example, we could fit the magnon
peak using two Lorentzian functions at the B point, as
shown in Fig. 3(b), and the intensity is obtained by the
summation of the two fitted intensities.
Based on this established agreement between experi-
ments and calculations, we suggest that magnon-phonon
coupling is the dominant mechanism driving the renor-
malization away from the Heisenberg model. We note
that the spin-phonon coupling constant c we found gives
an index of coupling strength in HoMnO3. To obtain a
better understanding of how this value for c arises, it
is prudent to convert it to the exchange-striction coef-
ficient α, where c = α2JS2/2K [13]. Therefore, if the
elastic constant K is known, a conversion between the
two is straightforward. The elastic constant is related
to the elastic properties of solids and one of these elas-
tic properties is the elastic stiffness constant. Ultrasonic
wave experiments [20, 21] have revealed the elastic stiff-
ness constants of YMnO3 and HoMnO3, which are on
the order of 1011 N/m2. This yields an elastic constant
on the order of 10 eV. Also, the density functional the-
ory (DFT) calculations for YMnO3 in Ref. [7] showed the
elastic constant is about 10 eV. Using the same value K
= 10 eV, with the assumption that the elastic constants
of YMnO3 and HoMnO3 are similar, it follows that the
estimated value for αHo in the case of HoMnO3 is 12.8,
which is larger than (Y,Lu)MnO3, αY or αLu = 8 [7].
Moreover, as seen in Fig. 2, there seems to be a very
diffuse intensity located at around 18 meV. This may
be similar to the magneto-elastic excitations observed
in (Y,Lu)MnO3 and CuCrO2 [7, 22]; (1) the relatively
strong intensity near the B andD points and (2) a similar
energy transfer (18 meV) above the coherent modes. Such
magnetoelastic excitations originate from a hybridization
of specific phonon and magnon modes in noncollinear
magnets.
Regarding the magnon-magnon interactions, the one-
magnon decay seems to be suppressed in HoMnO3 as
compared in LuMnO3. This is actually another clue that
supports the magnon-phonon coupling having a major in-
fluence on the renormalization. The FWHM of magnon
spectra located at 16 meV at the B point is 0.85 meV,
which is much smaller than the reported value of 3.5 meV
in LuMnO3 [5]. Although the FWHM involves an instru-
mental broadening, that effect is found to be ∼1 meV
for LuMnO3 and ∼0.6 meV for HoMnO3 at each energy
transfer. Since the linewidth broadening of the magnon
spectra at high energy is directly related to the decay
rate from a one-magnon to a two-magnon continuum,
such FWHM values also show that the magnon decay is
suppressed in HoMnO3.
Another feature in the data related to the suppression
of decay is the weak two-magnon continuum signals in the
Ei = 60 meV data set. The location at which two-magnon
continuum signals are expected to be strongest is around
25 meV at the B point, according to Eq. (2). However,
no peaklike signals were observed in this location. The
strongest possible intensity of the two-magnon contin-
uum is calculated to be 3.4% of single-magnon energy at
the B point, which is quite small. This may be explained
as the consequence of the strong two-ion anisotropy ∆ =
0.88 in HoMnO3. As pointed out in Ref. [1], the area
where the magnon decay is allowed in the first Bril-
louin zone is completely eliminated at around ∆≈0.92.
Therefore, the two-magnon continuum from one-magnon
decay is not expected theoretically in HoMnO3, which
seems to be consistent with our experimental results. As
a result, the HoMnO3 system has strong magnon-phonon
coupling and the suppressed decay of one-magnon modes
due to the strong two-ion anisotropy. The strong magnon-
phonon coupling we found for HoMnO3 may as well be
relevant to its magnetoelectric effect as the latter essen-
tially requires a direct coupling between magnons and
optical phonons.
Conclusion. We have studied the INS spectra of
HoMnO3, the realization of an ideal 2D THA, and com-
pared it with the theoretical calculations of three dif-
ferent models—the Heisenberg model, the XXZ model
with 1/S expansions, and the ESP model—to quantita-
tively investigate the effects from magnon-magnon and
magnon-phonon interactions. Entire magnon dispersion
curves and the features that deviate from the Heisenberg
model are well explained by adding such couplings. How-
ever, from the calculated dynamical structure factor and
the observed suppression of magnon decay, we have con-
cluded that the magnon-phonon coupling effect is domi-
nant in HoMnO3. Quantifying the exchange-striction co-
efficient α, HoMnO3 has a larger value of αHo = 12.8
than (Y,Lu)MnO3. Noncollinear magnets in principle al-
ways exhibit two generic couplings: magnon-magnon and
magnon-phonon. In HoMnO3 only the magnon-phonon
coupling is highly influential, while the magnon-magnon
coupling is strongly suppressed.
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